This study analyses power generation system from ocean waves by using linear generator. A buoy is placed on the ocean surface and connected to the linear generator. Due to the movement of the buoy, the mover of the linear generator is reciprocated. The power is generated by movement of the mover. A converter system is needed for the power generation between the linear generator and the grid. For the study of the power generation system, a simulation model was made in MATLAB-Simulink. This paper aims at studying the converter system of wave generator and using when the converter system is designed.
Introduction
Over the last decade, there has been a growing concern in renewable energy. For the power generation, new attempts are being conducted actively. Among various energy sources, offshore energy technology is still progressing slowly compared to other renewable energy technologies. Ocean wave energy of offshore energy can be easily seen and utilized widely. The ocean wave power generation system is utilized with offshore wind power generation system because the place for the development of ocean wave generation is usually consistent with the location of offshore wind power system.
There exist lots of different technical solution on how to convert the energy in the ocean waves into electric energy [1] - [3] . Some examples of conversion systems presented in [3] , [4] . The generator studied in this paper is a linear synchronous generator for the wave power generation. The wave energy is carried out from the movement of a floating buoy. The buoy is connected to the mover of the linear generator. When the buoy is reciprocated, the permanent magnetized translator gets a linear motion in the generator and a voltage is induced in the stator winding. Because the reciprocating motion is correlated with wave motion, the voltage produced by the converter has an irregular amplitude and frequency. It has to be converted before it connected to the grid. For an analysis of the power system, the simulation modeling of the wave generation system was proceeded. This paper is analyzed in the electrical point of view and the simulation is performed. The model has been constructed in MATLAB-Simulink, which is a commonly used simulation program for electrical systems. . 1 shows the wave generation model. In the Fig. 1 , the floating body is the structure above the sea and the stator of a linear generator in this structure is mounted. The mover of the linear generator is connected to the buoy and reciprocates by the movement of the ocean waves. The forces acting on the wave generation system were analyzed in [5] and [6] , and detail motion equation of the wave generation system was also derived. Based on the motion equation, a simplified motion equation was given in [7] , which is suitable for the power system analysis. The simplified motion equation is given by
Configuration

Dynamic Model of Wave Generator
where y(t) is the displacement of the translator, M is the mass of the translator, ma is the added mass, b is the radiation damping coefficient, K is the spring constant,
cdy(t)/dt is the generator electromagnetic force, and
Fwave is the sum of the forces.
Power Generation
Fig. 2. Transformation from abc to dq frame. Fig. 2 shows the transformation between abc frame and dq frame [11] , [12] . The transformation from variables in the abc frame to the variables in the dq reference frame is chosen as follws (2) where α=(π/τp)x, x is the translator position of the linear generator. The dq reference frame is fixed in the translator and reciprocates with the translator. The amplitude of speed varies and the direction of the motion of the dq refernce frame changes along with the reciprocating motion of the translator. However, in the modeling of the rotating synchronous motor, as the dq reference frame is fixed in the rotor, rotating speed of the dq reference frame is equal to the rotating speed of the rotor. Due to the difference motion of the rotor, the dq transformation should be changed to equation (2) .
The stator voltage equation of a permanent magnet synchronous generator in the synchronous reference frame is described by [8] 
where vd and vq are the d and q axis stator voltage, respectively, id and iq are the d axis and q axis stator current, ω is the angular speed of the stator variables, ψPM is the flux from permanent magnet, P is the active power.
The voltage equation shown in equation (3) is appropriate for a rotating permanent machine, not a linear generator. The rotor of the rotating permanent magnet generator rotates in the generator, while the rotor, called translator, of the linear generator reciprocates. Because of difference of the motion, the speed term should be considered. When the rotor of the linear generator moves in one direction, ω can be given by
where vt is the linear speed of the linear generator, τp is the pole pitch. Using equation (4), the voltage equation of the linear generator in the reference frame is derived [9] , [10] 
where F is the force from generator.
The linear generator is a surface permanent magnet generator. In case of a surface magnet type, the d axis inductance is the same as the q axis inductance. Therefore, the reluctance torque is not used in this type of generator. The reluctance torque term is canceled. The generating force in equation (5) can be written as
In equation (6), the force is related to q axis current. Because the generating force is proportional to the q axis current, the command value of the d and q axis current can be derived as where * represents the command value of the current controller. (7). By controlling the d and q axis current in reference frame, the proper power generation from wave can be performed.
Converter Control
Simulation Results
Fig . 5 shows the configuration for a single operation of the linear generator. The buoy is reciprocated and the power is generated by operation of the linear generator. To extract maximum power from the ocean wave, the movement of the ocean wave should be predicted. However it is difficult to predict the movement of the wave. Therefore the algorithm tracking the maximum output power was applied. Fig. 6 shows the flowchart of maximum power searching algorithm. The operating point is searched by the algorithm which can obtain maximum power by comparing current output power and output power before adjusting. Table I shows the specification of linear generator which is used in the simulation. We configured the linear generator and the converter, as shown in Fig. 7 using MATLAB-Simulink. Fig. 8 shows the simulation results. The first figure illustrates the buoy position of linear generator and the second figure shows the output force of linear generator. The third figure represents a filtered output power and shows that the controller is changing the operating point to find the maximum power point. The maximum power was approximately 250kW. 
Conclusions
In this paper, we described the power generation from ocean wave by using the linear generator. For the analysis, the wave generation modeling and the simulation were performed. The simulation was performed by irregular buoy speed. The maximum power was 250kW. The converter controller is well changing the operating point to find the maximum power point. The simulation results will be used when the converter is designed.
